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Although there is considerable circumstantial evidence that ion
pairing has significant consequences for single-site polymerization
catalyst activity, lifetime, stability, chain-transfer characteristics,
and stereoregulatichactual mechanistic structuréunction con-
nections have remained ill-defined. In principle, the accepted
pathway for syndiospecific propylene enchainmentQysym-
metric catalysts should be a particularly sensitive probe of
cocatalyst/counteraniéfeffects since olefin enchainment neces-
sarily occurs in concert with “chain-swinging” (eq 1, R
polypropylene fragment).It is known that rates of similar
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reorganization processes are sensitive to, and one metric of, ion

pairing strength in model metallocenium systems=R, alkyl
group)?® and thought that analogous “back-skipping” processes
without concomitant enchainment are a major source of polypro-
pylene stereoerrors (Scheme*Hjerein we communicate the first
systematic study of counteranion effects on propylene enchain-
ment stereochemistry by the archetypiCabymmetric precatalyst
[Me,C(Cp)(fluorenyl)]ZrMe (1),% using a fairly broad array of
structurally/coordinatively diverse counterani®@s a function

of temperature, propylene pressure, and solvent polarity. It will
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under 1.0 atm propylene pressure in toluene freh®° to + 60

°C using conditions minimizing mass transfer and exotherm
effects®e "> product isolation and characterization utilized standard
techniques$®®° Several trends are evident in the data (Table 1,
Figure 1). Product polydispersities are consistent with well-defined

be seen that effects can be large and are to a significant degredingle-site processes and are rather temperature-, anion-insensitive.

understandable in terms of established trends in ion pairing
strength and dynamics.

Under rigorously anhydrous/anaerobic conditidhsjas acti-
vated with the perfluoroaryl borane, borate, and fluoroaluminate
reagents shown in eq 2. Polymerizations were first carried out

Toluene + ~CHj
T
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N g 6 X = MeBCeFs)s

> 7, X" = MeB(2-C¢FsCFq)s”
8, X" =B(C¢Fs)s’

9, X" = FAW2-CoFsCoFaly”

2, B(CgFs)s

3, B(2-CF5C4Fa)3
4, PhyCB(CgFs)y
S, PhyC FAI(2-C4F5CoF )y (PBA)
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Polymerization rates are highly anion-sensitive, with the most
strongly (PBA)® and weakly (MeB(2-gFsCsF4)s~, B(CoFs)s )20
coordinating anions generally affording the lowest and highest
polymerization rates, respectively. Not surprisingfyproduct
molecular weights fall with rising reaction temperature, although
the superiority of strongly coordinating PBAnight not, a priori,

be predicted. Most interesting, however, is the pattern in polypro-
pylene stereoerrors r{], [mm) as a function of anion and
temperature (Figure 1C), and which are concentration-invariant
over a 32-fold range in a control experiment wH It can be
seen that the PBAcatalyst exhibits far higher syndiotacticity,
with far lower [m] and somewhat lowemfin] stereoerrors. As
temperature is increased, all systems exhibit a precedented erosion
in syndiotacticity!® however that of the PBA catalyst is least,
with the principle factor being greater temperature insensitivity
of the [m] stereoerrors versus that of the other anions. Interest-
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Table 1. Propylene Polymerization Results with+ Indicated A.
Cocatalysts = s
cocat T, act rrrre rmmr mmrr rrmr M,? ‘E
entry (ca) (°C) (x109) (%) (%) (%) ([mn)) (%) () (x10%) Mu/My 3 L 3
1 2(6) -10 31 900 1.1 2.2 2.2 79.8 175 f/n 3 &’//'r ” .
2 3(7) 10 58 933 11 2.2 06 201 1.83 2
3 4(8) —10 920 940 1.0 1.9 06 229 1.95 il
4 5() -10 18 95 07 15 00 290 186 10 0 10 25 40 60 To & 10 25 40 &0
5 2(6) 25 44 694 15 3.1 10.6 79 181 Polymerization Temperature (°C)  Polymerization Temperature (°C)
6 3(7) 25 350 836 15 3.1 41 101 1.85
7 4(8) 25 890 838 14 3.0 42 112 1.95 C.1004
8 5(9 25 20 910 13 2.6 13 147 1.85 L.
9 2() 60 25 300 35 6.8 21.1 119 238 S 80
10 3(7) 60 100 483 25 5.3 16.7 531 1.82 £
11 4(8) 60 80 470 26 5.3 17.2 558 1.82 E 60
12 5(9) 60 25 71.0 1.9 3.9 8.6 66.5 1.95 2
13 2(6) 60 18 538 25 5.1 14.7 339 1.89 2 404
14 3(7) 6 30 713 20 4.6 7.9 58.6 1.81 g8 A
15 4(8) 600 37 736 20 4.0 7.4 63.2 1.68 5 ¥
16 5(9) 600 58 810 18 3.9 4.3 70.8 176 B
17 2(6) 25 266 495 2.0 41 180 976 176 & 201
18 3(7) 25 86 498 20 4.0 17.6 933 224
19 4(8) 29 453 503 19 42 173 104 192 S
20 5(9) 25 96 495 20 4.4 178 127 1.78 =
i
=} -
aUnder 1.0 atm of propylene in 50 mL of toluene with precise g 10
polymerization temperature control (exothem8 °C). See Supporting 8
Information for full experimental detail$.Units: g polymer/(mol cak A
atm x h). ¢ Pentad analysis bYC NMR. ¢ GPC relative to polystyrene

standards¢ Under 5.0 atm of propylenéUnder 1.0 atm of propylene
in 50 mL of 1,3-dichlorobenzene.

-10 10 25 40 60 10 20 30 40 50
Polymerization Temperature (°C) Propylene Pressure (atm)

ingly, [mn] stereoerrors are far less temperature-sensitive, with Figure 1. (A) Polymerization activity, (B) polypropylene molecular
the PBA" catalyst again slightly superior. In contrast, the weight, and (C) pentad distribution (%) data for polypropylenes produced

MeB(CsFs)s~ catalyst exhibits the lowest syndiotacticity with
greatest increase ofr] and [mni with rising polymerization
temperature.

by 1 + indicated cocatalysts under 1.0 atm of propylene frer0° to
60 °C. (D) Pentad distribution (%) data for polypropylenes produced by
1+ indicated cocatalysts as a function of propylene pressure 4€60

Experiments at increased propylene pressures reveal generalines connecting data points are drawn as a guide to the eye.

increases in syndiotacticities (Figure 1D) and generally uniform

but modest increases in product molecular wefglitable 1,
entries 13-16), arguing that chain-transfer to monof@éris a
significant but probably not the only termination pathway.
Interestingly, increases imrfr ] and declines infi] with increased
propylene pressure are smallest for the PBéatalyst. The

> 25 kcal/mol vs 19.5 (2) kcal/mol for MeBEs);~).14 Other
NMR and crystallographic data support the strong coordinative
properties of PBA.5" In contrast to these results, misinsertion or
chain epimerizatiofi processes producingmjri stereoerrors
(Schere 1 C and D) would not appear to be directly influenced

stereochemical consequences of increasing [propylene] are usuallypy decoupling from chain-swinging, and indeed it is found that
ascribed to increased enchainment rates versus those of competinghe low level of nj is far less anion-dependent although,

tacticity-degrading site epimerization (Scheme 1B} Finally,
polymerizations were carried in 1,3-dichlorobenzene=(5.04)
(Table 1), with the net result beirpmpressiorin the dispersion
of polymerization rates ancbllapseof [rrrr ], [m], and [mn] %

to experimentally indistinguishable values of 50, 17.5, and 4%,

respectivelyfor all cocatalysts

interestingly, these results show that the ion pairing does affect
enantiofacial discrimination and chain epimerization as well
(Figure 1C)'° Last, spectroscopfttheoretical® and polymeri-
zation studie®¥ argue that polar solvents significantly weaken ion
pairing in other single-site systems, and in accord with a picture
that ion pairing modulates syndiospecific enchainment, we find

These results suggest a mechanistic picture in which anion- here that differential anion effects on propagation rates dinfinish

specific ion pairing effects modulate not only the rate of
enchainment and chain transfer, but more importantlyretedive
rates of enchainment versusnj-enhancing/syndiotacticity-
degrading site epimerization (Scheme 1B)lore tightly bound,

and those on stereoerrocompletelyvanish in a more polar
solvent.
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averaging of magnetically diastereotopic siteg) [Me,C(Cp)-
(fluorenyl)]ZrMe™X~ ion pairs mirror barriers in eq 1, we find
that the PBA ion pair indeed has by far the highest barri&G¢
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